An exhaustive knowledge of flood risk in different spatial locations is essential for developing an effective flood mitigation strategy for a watershed. In the present study, a risk-vulnerability analysis to flood is performed. Four components of vulnerability to flood: 1) physical, 2) economic, 3) infrastructure and 4) social; are evaluated individually using a Geographic Information System (GIS) environment. The proposed methodology estimates the impact on infrastructure vulnerability due to inundation of critical facilities, emergency service stations and bridges. The components of vulnerability are combined to determine an overall vulnerability to flood. The exposures of land use/land cover and soil type (permeability) to flood are also considered to include their effects on severity of flood. The values of probability of occurrence of flood, vulnerability to flood, and exposures of land use and soil type to flood are used to finally compute flood risk at different locations in a watershed. The proposed methodology is implemented for six major damage centers in the Upper Thames River watershed, located in the South-Western Ontario, Canada to assess the flood risk. An information system is developed for systematic presentation of the flood risk, probability of occurrence of flood, vulnerability to flood, and exposures of land use and soil type to flood by postal code regions or Forward Sortation Areas (FSAs). The flood information system is designed to provide support for different users, i.e., general public, decision-makers and water management professionals. An interactive analysis tool is developed within the information system to assist in evaluation of the flood risk in response to a change in land use pattern.
Introduction
Records of loss of life and damage caused by floods worldwide show that these have continued to rise steadily during recent years. Understandably, the response has been to call for increased efforts to protect life and property. The sustainable and effective management of floods demands a holistic approach-linking socio-economic development with the protection of natural ecosystems and appropriate management links between land and water uses. It is recognized that a watershed is a dynamic system in which there are many interactions between human population, land use and water bodies. Assessment and mapping of "flood risk" [1] [2] [3] [4] [5] [6] [7] and "vulnerability to flood", and dissemination of the appropriate information to different stakeholders is a very important part of the flood management process. The general public may use the information in purchasing a house, or in selecting a site to start a business. Knowledge of flood risk could aid decision-makers in: developing land development plans and land use zoning; planning emergency response strategies; waste disposal site selections; preparing infrastructure budgetary decisions; developing guidelines for operation of existing infrastructure; and general policy development at all levels. Water management professionals can utilize the flood risk information in planning, design, construction, and operation & maintenance of flood protection infrastructure (e.g., reservoirs, dikes, drainage pipes, etc). Flood risk mapping has been performed extensively for effective flood management, starting with the pioneering work of Garrett [8] . The risk of flooding to towns and villages along 200 km of the River Thames and its tributaries are assessed using a mathematical model developed for Thames Water Rivers Division, UK. The River Thames Strategic Flood Defence Initiative examines the vulnerability of floodplain development along the river. The achievements of the Flood Risk Mapping Program, New Brunswick, Canada, are summarized by Burrell and Keefe [9] . The procedures used to produce flood risk maps are outlined very clearly along with an assessment of the accuracy achieved. Floyd [1] performs a flood risk assessment on the city of Bombay (Mumbai), India. The results provide an initial indication of the cost-effectiveness of different remedial measures. Morris and Flavin [10] present maps of England and Wales showing the built-up areas that would be at flood risk. Shrubsole [11] mentions government responsibilities in flood management of the Saguenay and Red River valley and provides alternative flood management strategies considering ecosystem management, partnerships and the role of science. Hall et al. [12] represents the processes of fluvial and coastal flooding over linear flood defence systems in sufficient detail to test alternative policy options for investment in flood management. Potential economic and social impacts of flooding are assessed using national databases of floodplain properties and demography. A case study of the river Parrett catchment and adjoining sea defences in Bridgwater Bay in England demonstrates the application of the method and presentation of results using Geographic Information System (GIS). Barredo et al. [13] aims to illustrate a framework for flood risk mapping at pan-European scale produced by the Weather-Driven Natural Hazards (WDNH). The threatening natural event is represented as the hazard component, and furthermore, exposure and vulnerability are considered as anthropogenic factors that contribute also to flood risk. The flood risk is considered on the light of exposure, vulnerability and hazard, and mathematically considered as product of hazard, exposure and vulnerability.
Vulnerability assessments have been undertaken to understand the "potential for loss", traditionally they focused on the nature of the hazard and who and what are exposed [14] . More recently, vulnerability assessments have explored the social, economic, and political conditions that are likely to affect the capacity of individuals or communities to cope with or adapt to hazards [15] . Bender [16] discusses the development and use of natural hazard vulnerability assessment techniques in the Americas. He emphasizes how and why a thorough vulnerability analysis is required for physical, economic and social planning in a watershed. There are numerous studies that have addressed contemporary vulnerability of different communities worldwide to flooding from the natural hazards perspective of understanding exposure and the number of people and structures affected [17, 18] but few that explore the socio-economic aspects of flooding vulnerability [19] [20] [21] [22] . Recently, the conceptualization on social vulnerability has gained prominence in the literature. It is related to characteristics that influence an individual's or group's ability or inability to anticipate, cope with, resist, and recover from or adapt to any external stress such as the impact of flooding [23] [24] [25] . Cutter et al. [26] present a method for assessing vulnerability in spatial terms using both biophysical and social indicators. Their results suggest that the most biophysically vulnerable places do not always spatially interact with the most vulnerable populations. Flax et al. [27] develop a risk-vulnerability assessment methodology named as Community Vulnerability Assessment Tool (CVAT), which assists emergency managers in their efforts to reduce vulnerabilities through hazard mitigation, comprehensive land use and development planning. Cutter et al. [28] list factors that have gained consensus among social scientists as contributing to social vulnerability to environmental hazards. Blong [29] introduces a new damage index for estimating the replacement cost of damaged buildings in vulnerability analysis. Carter [30] analyzes flood risk as a combination of threat, consequence, and vulnerability. He discusses the federal role in investment decisions for flood control infrastructure. Chakraborty et al. [31] develop two new quantitative indicators, i.e., a geophysical risk index, based on National Hurricane Center and National Flood Insurance Program data, and a social vulnerability index, based on census information. Rygel et al. [32] focus on constructing a social vulnerability index and its application to a case study of hurricane storm hazard. They demonstrate a method of aggregating vulnerability indices for different indicators using Pareto ranking that results in a composite index of vulnerability, which avoids the problems associated with assigning weights. Werritty et al. [33] discuss the social impacts of flood events in Scotland including attitude and behavior toward flooding events, warnings, evacuations and consequences. The study suggests ways for enhancing social resilience for sustainable flood management in Scotland.
GIS is considered as a key tool by many researchers [34] [35] [36] [37] [38] to map the spatial distribution of flood risk and vulnerability to flood. A GIS facilitates the input, storage, management, analysis, integration, and output of spatial data which can aid with real time decision making and strategic planning for effective risk management and hazard preparedness [39] . GIS can improve warning, evacuation, and emergency response systems by helping route emergency response vehicles and locating emergency response facilities [39] [40] . Exposures of soil and geology to flood, urban infrastructure, and socioeconomic data, can be input and stored in a GIS and then analyzed to identify areas prone to flood, identify vulnerable populations, and forecast flood events, and aid in land use zoning decisions to improve flood mitigation and management [17, 39] .
The flood risk mapping and analysis on various flood prone watersheds have been performed by many researchers throughout the world. In a recent study on Romanian national strategy, Varga et al. [41] provide basic information for preliminary flood risk assessments and flood hazard mapping in all areas with a significant flood risk, according to the Flood Directive. The technical and scientific approach and the main steps in setting up the plan for flood prevention, protection and mitigation at the river basin level are presented. Apel et al. [7] perform flood risk analyses in Eilenburg, Germany, especially in urban areas and tested a number of combinations of models of different complexity both on the hazard (probability of occurrence) and on the vulnerability. Chang et al. [42] examine the anthropogenic and natural causes of flood risks in six representative cities in the Gangwon Province of Korea. Tran et al. [43] explore the impacts of floods on the economy, environment and society; and tries to clarify the rural community's coping mechanism to flood disasters in Central Viet Nam. They reveal that flooding is an essential element for a coastal population, whose livelihood depends on productive functions of cyclical floods. Forster et al. [44] assess flood risk for a rural detention area, alongside the Elbe River in Germany. They find that the losses in agricultural areas exhibit a strong seasonal pattern, and the flooding probability also has a seasonal variation. The flood risk is assessed for a planned detention area based on loss and probability estimation approaches of different time frames, namely a monthly and an annual approach.
The present research study is motivated by the Hotspots project [45, 46] completed by the Center for Hazards and Risk Research (CHRR) at Columbia University and the World Bank's Disaster Management Facility [DMF), now the Hazard Management Unit (HMU). In the Hotspots project, the risk levels are estimated by combining hazard or probability of occurrence with historical vulnerability for two indicators of risk-population and Gross Domestic Product (GDP) per unit area-for six major natural hazards: earthquakes, volcanoes, landslides, floods, droughts, and cyclones. The relative risks for each grid cell, rather than country as a whole, is calculated at sub-national scales. Such information can inform a range of disaster prevention and preparedness measures, and development of long-term land-use plans and multihazard risk management strategies. Hotspots global analysis and case studies stimulate additional research, particularly at national and local levels. The present study develops an information system for risk-vulnerability analyses to flood and facilitates vulnerability mitigation by providing various flood information to different users. The information system is designed to provide selective access to information on the bases of user needs. This reduces the misuse of data and promotes data security. A set of suitable vulnerability indicators and the procedure for their integration into an overall vulnerability index with high spatial density represent the major analysis tool within the information system. The additional innovations of the information system include: 1) the computation of selected flood risk-vulnerability indicators organized into themes from four components of vulnerability to flood, i.e., physical, economic, infrastructure, and social vulnerability [15] , 2) the spatial infrastructure vulnerability analysis to flood due to inundation of main communication routes and road bridges, 3) the spatial flood impacts due to inundation of critical facilities (schools, hospitals, and fire stations) and 4) quantification of exposures of land use/land cover and soil permeability to flood. The postal codes or Forward Sortation Areas (FSA) are considered for spatial discretization of the region and flood risk evaluation. An interactive analysis tool is also developed for calculation of flood risk as a function of change in land use. The proposed information system is implemented to six major damage centers in the Upper Thames River watershed, located in the South-Western Ontario, Canada. The study focuses only on floods which are caused by the overflow of river banks that are characteristics for the region of interest.
As a prerequisite, some relevant technical definitions are provided in the next section. The third section contains a detailed description of the study area-the Upper Thames River basin in South-Western Ontario, Canada. The fourth, fifth and sixth sections provide the details on determination of probability of occurrence, vulnerability and exposures of land use and soil permeability to flood, respectively; and summarize the results obtained. The seventh section describes the features of developed information system for risk-vulnerability analyses to flood. The eighth section summarizes the conclusions from the study.
General Definitions
The most common approach to define "flood risk" is the definition of risk as the product of "hazard", i.e., the physical and statistical aspects of the actual flooding (e.g., return period of the flood, extent and depth of inundation), and the "vulnerability", i.e., the exposure of people and assets to floods and the susceptibility of the elements at risk to suffer from flood damage [7, 47, 48] . This definition is adopted in the Flood Directive [49] . According to Forster et al. [44] , flood risk is a combination of potential damage and probability of flooding. More precisely, risk is considered as the product of hazard and vulnerability of a region [47] . However, in this study flood risk is the product of probability of occurrence (p e ), vulnerability to flood (V), and exposures of land use (E Land ) and soil permeability (E
Soil
) to flood, following the concept of Kron [50] and Barredo et al. [13] , where flood risk is expressed as a function of the hazard, vulnerability and exposed values:
Hazard may be defined as a threatening event, or the "probability of occurrence (p e )" of a potentially damaging phenomenon within a given time period and area [31, 47] . It frequently encompasses hydrological and hydraulic analyses and the mapping of flood lines on floodplain. Vulnerability to flood (V ) is defined as a measure of a regions' or population susceptibility to flood damages [51] [52] [53] . Exposures of land use (E Land ) and soil permeability (E Soil ) to flood quantify their effect on the severity of flood. When the exposures of land use/land cover and soil permeability to flood are considered, these denote how land use and soil permeability affects the severity of flood. For example, urbanized land use pattern results in an impervious soil layer increasing the severity of flood and thus the exposure of land use pattern to flood in an urban area is high. The exposure of soil permeability to flood is also directly related to flood flow. The more permeable soil has more infiltration capacity and therefore reduces surface runoff, whereas less permeable soil has less infiltration capacity and is more prone to water logging [54] .
In the present study, all the information on the above mentioned three components of flood risk are effectively presented and processed using GIS. The layout for collecting and integrating the data, along with the sequential procedural steps for data processing and representation are outlined in Figure 1 . The vulnerability section in Figure 1 , illustrates the concept of layering data using a GIS, as well as combining vulnerability components to assess the overall vulnerability to flood. The next section presents the detailed characteristics and geography of the study area. 
Study Area
The Upper Thames river basin lies in the middle of south western Ontario; drains an area of 3,500 km 2 ; and is populated by approximately 422,000 people. The basin is nested between the Great Lakes Huron and Erie. The basin has a well documented history of flooding events dating back to the 1700s. A detailed map of the Upper Thames River watershed in Ontario, Canada with a location map (inset) is shown in Figure 2 . Two main tributaries of the Thames River, referred to as the North (1,750 km 2 ) and South (1,360 km 2 ) branches, join at a location in London known as "The Forks" (Figure 2 ). The Forks region has served as a historical landmark for London, and is characterized by both commercial and residential structures. Major flood damage centers in the watershed include communities of London, St. Marys, Ingersoll, Mitchell, Stratford and Woodstock. The Upper Thames river basin is an area of special importance for the sustainable socio-economic development of Ontario. This is a large and fertile area, and plays an important role in agriculture production from, fishing and aquaculture to perennial fruit trees. The flooding in the Upper Thames river watershed has the great effect on the fertility of soil and increase in the natural aquatic production. It is also the most dangerous natural disaster hazard affecting the socio-economic development and the life of the people in the area. Several studies have already been done to estimate the economic damage in the watershed due to flooding [55] .
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The study area consists of a number of major postal code regions, some of which extend beyond the watershed bo-undaries. The Forward Sortation Areas (FSAs) are distinguished by the first three characters of their postal code designation. The regions which historically experience more frequent flooding events are selected as areas of particular significance and the FSAs of these regions are selected for analysis. A total of 25 FSAs from these cities have been considered in the study, and are listed in Table 1 2 . Numerical data necessary for the development of a flood information system has been collected from Statistics Canada, which provides updated national statistics consistently every five years following a Census of the population. Data is available for areas of various sizes, including FSAs as small census divisions which remain relatively stable over many years. Various layers and datasets compatible with the GIS software are collected from Statistics Canada, The Ontario Fundamental Dataset, Upper Thames River Conservation Authority (UTR-CA), Surficial Geology of Southern Ontario (SGSO) dataset, and Route Logistics (RL). These datasets are available online or obtained from the Serge A. Sawyer map library and the Internet Data Library System (IDLS) at the University of Western Ontario (UWO), London, Canada. Table 2 presents the detailed information on different data layers with their formats and sources used in the present case study. All three components of the flood risk are assessed and represented in the information system separately in dissimilar ways. Each component is represented graphically, numerically, or using a combination of both. Next two sections describe the methodologies for determination of probability of occurrence and vulnerability to flood.
Probability of Occurrence
Probability of occurrence of flood (p e ) [31] describes a physical threat from a flood occurring and a region becoming inundated. The consideration of probability of occurrence as a flood risk component is essential, since flood risk of a highly vulnerable population to flood is negligent if there is less probability or chance of occurrence of flood. The probability of occurrence (i.e., the extreme events and associated probability) of flood is also termed as "flood hazard" by many researchers [7, 13, 47, 50, 56] . In the present study however, the available results on p e performed by the UTRCA are used. Already available 100-year and 250-year flood lines are used for risk-vulnerability analysis.
The probability or likelihood of occurrence of flooding is described as the chance that a location will be flooded in any one year. For example, 1.3% chance of flooding each year implies 1 in 75 chance of flooding at that location in any year. Exceedance probability (p e ) of a flood is represented as [31, 57] :
where F(x) denotes the value of Cumulative Distribution Function (CDF) of river flow x. The return period (T x ) of flood flow x is the reciprocal of exceedance probability, which is mathematically represented as [57] :
A flood line of a particular return period is the extreme boundary of the region exposed to a flood of the same return period. It represents the spatial extent of threat from the flood of a particular return period. The flood lines for a particular return period are evaluated by using physical, hydraulic and hydrologic characteristics of a particular location in the watershed. The present study utilizes 250-year flood line data for all FSAs being considered and 100-year flood line data for FSAs within the City of London, as per the availability. A flood hazard map with 100 and 250-years flood lines is used as one of risk components depicting spatial extent of flooding with exceedance probability of 0.01 and 0.004, respectively. The following procedural steps are followed in GIS for incorporating the information on probability of occurrence in this study: 1) the FSA, 100 and 250-years flood line shapefile layers are imported into ArcMap [58]; 2) the FSA layer and 100-yr flood line layers are turned "on" so that they are displayed in the Data Viewing window; 3) twenty five FSAs of interest in this study are highlighted using the selection tool and then converted into their own layer (FSA layer of interest); 4) these map features are then observed in the "layout" view where it is possible to insert map elements such as north arrows, legends and scale bars using the Insert Map Elements feature; 5) the map is then exported to ".jpeg" format. The same procedure is repeated for the 250-year flood line layer.
Vulnerability to Flood
Vulnerability to flood is defined as measure of a region's susceptibility to flood damage [51] [52] [53] . It also includes population susceptibility to physical, mental or emotional damage due to flooding. Vulnerability could be influenced by individual emotions, seriousness of the current situation, and previous experiences with natural disasters. Traditionally, vulnerability has considered only biophysical factors. More recently, social factors have also been incorporated into assessment of vulnerability to disasters [31] .
In this study, vulnerability to flood has been defined as a combination of four distinctive types of vulnerabilities: physical, economic, infrastructure and social [15] . The physical vulnerability generally incorporates only those indicators susceptible to biological sensitivity. Wetlands are for example, considered regions of physical vulnerability in this study. Wetlands are among the most productive ecosystems on earth. The richness of these transitional ecosystems relates mostly to the diversity of ecological niches created by the variability of seasonal and interannual cycles. Modifications in the hydrologic regime that disturb these cycles have been found to be the main stress factor threatening shoreline wetlands in all the world's major rivers [59] . The regulation of water levels has also caused the shrinkage of wetlands, and an incidental reduction in the diversity of plant communities and the number of plant species [60] . These regions have high biodiversity and sensitive life, which would experience higher damages, longer, slower recovery times due to flooding. Economic vulnerability includes flood damage indicators which can be expressed in monetary terms. Infrastructure vulnerability includes civil structure such as road networks, railways, and road bridges. Infrastructure components are important to movement of population, communications, and safety. Their inundation impedes traffic and hinders communications, increasing stress in the exposed population. Inundation may also block important emergency routes and cause physical damage to roads. Social vulnerability focuses on the reaction, response, and resistance of a population to a disastrous event. Vulnerable population may require special attention in an evacuation situation for example. The indicators are chosen based on a review of existing literature assessing vulnerability to current hazards [25-27, 31,32,51] . The vulnerability index (VI i ) corresponding to each indicator for i th FSA is calculated using the following equation, which standardizes [61] each vulnerability index value ranging from 0.0 to 1.0 as done by Wu et al. [51] :
where V min and V max are the minimum and maximum values of the indicator for all FSAs, respectively, and V i is the actual value of the indicator for i th FSA. All physical, economic, infrastructure (including the numbers of critical facilities and road bridges) and social vulnerability indices are directly calculated using (4). For example, vulnerability index for i th FSA of the social vulnerability indicator "Population under 20yrs of age" is calculated from the data set of 25 values (for 25 FSAs) on population under 20yrs of age using (4). The GIS is not used for determination of economic and social vulnerability indices, as they are directly calculated in the spreadsheet using Statistics Canada Census data. The economic and so-cial vulnerability maps are created in ArcMap on the basis of calculated values of vulnerability indices. The following procedure is followed for calculating the sum of the length of roadways/railways: 1) roads/railways layer is imported into GIS; 2) the length of each road/railway is contained in the attributes table; 3) those road/railway segments from the attribute table are selected which fall within and intersect a particular FSA; 4) the "statistics" option from the "length" field in the attribute table options is selected; 5) the program calculates the sum of lengths and display them in that particular FSA; 6) the values are stored in a table and finally 4) is used for determining the vulnerability indices-"length of roads" and "length of railways". The similar procedure is followed for the vulnerability index-"unpaved roads", but the unpaved, dirt and gravel roads are selected for each FSA individually using the "Select by Location" or "Select by Attributes" tool. In the assessment of infrastructure vulnerability, the present study considers: a) the impact of flooding of critical facilities (schools, hospitals, and fire stations) and b) the spatial impact of flooding of main communication routes and road bridges. The developed methodologies for considering these impacts are discussed in next two subsections. The main objectives of the analysis presented in these two subsections are: 1) to model the impact of inundation of critical facilities (e.g., schools, hospitals and fire stations) of an FSA on its total infrastructure vulnerability, which is achieved by considering the "number of critical facilities (i.e., number of schools or hospitals within an FSA)" as vulnerability indicators [determined by using 4), as done for physical, economic, social and other infrastructure vulnerability indicators]; and 2) to model the impact of inundation of an FSA (which may contain one or more than one critical facilities) on its surrounding FSAs, which is modeled using a grid system. There are numerous studies that have addressed the impact of inundation of critical facilities on infrastructure vulnerability based on the number of critical facilities within an FSA [27, 51, 62] , but none that explore the impact on surrounding FSAs, because people dwelling outside the flooded FSA also may depend on the critical facilities situated within the flooded FSA. This impact on infrastructure vulnerability of surrounding FSAs is modeled using a grid system.
Infrastructure Vulnerability Due to Inundation of Critical Facilities
Vulnerability of critical facilities is an indicator of infrastructure vulnerability [27, 51, 62] . Emergency shelters, nursing homes, public buildings, schools, hospitals, fire and rescue stations, police stations, water treatment or sewage processing plants, utilities, railroad stations, airports and government facilities are identified as critical facilities by Odeh et al. [62] and Flax et al. [27] . Critical facilities are those that play an integral role in public safety, health, and provision of aid [27] . As per the availability of data, the critical facilities considered in this study include schools, fire stations and hospitals, and are given special attention in vulnerability analysis in order to provide a more accurate estimate of flood risk. Schools can be used for both education and as a place of refuge and a center for aid distribution during a flood. Fire stations provide the source of response to an emergency in the area near the station, and aid in disaster relief. Flooding of a fire station causes the population in close proximity to be more vulnerable. Hospitals represent another type of critical facilities that require special attention during flooding. Hospitals may have patients that need special attention in the case of an emergency. Procedure for assessment of infrastructure vulnerability due to inundation of critical facilities includes the use of a GIS tool. As per the availability of data, the FSAs of London are considered for the demonstration of the methodology. The impact of inundation of critical facilities of an FSA on its total infrastructure vulnerability is determined by considering the "number of critical facilities (i.e., number of schools or hospitals within an FSA)" as vulnerability indicators [determined by using 4), as done for physical, economic, social and other infrastructure vulnerability indicators]. To model the impact of inundation of an FSA (which may contain one or more than one critical facilities) on its surrounding FSAs, a 6x6 grid layer is placed over the FSAs of London, which breaks the entire city into 36 cells, as illustrated in Figure 3(a) . The size of each grid cell is 25 km 2 (5 km × 5 km). The cell area for each FSA is calculated using area calculation function provided by the GIS tool. The layer containing the information on critical facilities is placed onto the grid layer and FSA layer to determine areas more susceptible to damage. The process used in assigning infrastructure vulnerability due to the inundation of critical facilities is based on the assumption that the people closest to the facility are its primary users. Thus, the spatial shape, termed as "vulnerability shape" in this study, is square as shown in Figure 3(b) . There are four different color designations (red, orange, yellow and white) representing assigned Degree of Importance (DI).
The presence of just one of these is sufficient to classify the cell as important. All "important" cells are equally important. The DI values indicating vulnerability levels decrease equally in all directions with the distance from the inundated cell. Procedure implemented using GIS tool is as follows: 1) Divide the area under consideration into a grid-the grid should be regular in shape. In this analysis, a 6  6 square grid is used for demonstration purpose.
2) Use the DI to quantify the importance of a critical facility for each FSA. Red, orange, yellow and white color codes correspond to 1.0, 0.75, 0.2 and 0.0 DI values, respectively. The colors are reflecting the DI of each cell: red (high), orange (medium), yellow (low), white (no influence), which indicates the importance of the presence of critical facilities. The grid cells within an FSA that contain one or more critical facilities are identified. These grid cells are assigned red color, the highest DI of 1, assuming that the people closest to the facility are its primary users.
3) Assign a white color, indicating "zero" DI value to the remaining grid cells. The result is a square-shaped representation of vulnerability, which decreases with distance from the red (center) cell. 4) Following the previous three steps, assign DI values for all grid cells separately for each case of a grid cell with red color. For example, if 10 (ten) grid cells contain critical facilities, the grids cells would be assigned appropriate DI values 10 times. Finally, the Overall DI (ODI) for a grid cell is calculated by averaging these ten DI values.
5) The vulnerability for an FSA-area shown in bold solid line in Figure 3(c) -is calculated as:
where ODI k is overall DI for k th grid cell, A k is the area of i th FSA. 
Infrastructure Vulnerability Due to Inundation of Road Bridges
The infrastructure vulnerability is also affected by the inundation of road bridges. Vulnerability of an area due to the inundation of a bridge includes the interruption of traffic and formation of communication barriers between different locations in the affected region. Inundation of, or damage to a particular bridge affects not only the FSA in which it is located, but also all other FSAs that depend on the use of the bridge. In this study, only bridges over the water bodies are considered significant, because these bridges have limited alternate routes associated with them, and are necessary for safe crossing of the water body. They are frequently used as means for transporting commercial goods, a route to and from the workplace, and as emergency routes in case of a disaster. The impact of inundation of road bridges of an FSA on its total infrastructure vulnerability is modeled by considering the "number of road bridges" as vulnerability indicator [determined by using 4), as done for physical, economic, social and other infrastructure vulnerability indicators]. To model the impact of inundation of an FSA (which may contain one or more than one road bridges) on its surrounding FSAs, the same procedure (steps 1 through 6) as described in previous subsection is followed, with the use of the new vulnerability shapes as shown in Figures 3(d) and (e). Again, 6  6 grid is used in the assessment of vulnerability as shown in Figure  3(a) . However, the shape used in assessing vulnerability due to the inundation of road bridges is not a box, but rather cross-like. The shape varies with the number of bridges in any particular grid cell. Figures 3(d) and (e) illustrate the shapes of vulnerability for cells containing 1-5 and 6-10 road bridges, respectively. The number of bridges over water that is contained in each cell determines the shape that would be used in assessment of vulnerability. As the number of bridges increases, the more likely it is that inundation of that cell would affect more people. The vulnerability shape due to inundation of bridges is mainly based on a basic assumption: the need for crossing any given bridge decreases with distance from the bridge (i.e., the need for crossing the bridge is highest in areas that are closest to the bridge), because people further away from a particular bridge may have other alternatives for crossing the water body with equal convenience. The proposed method assumes that the whole cell being considered is flooded, and that bridges in that cell are unavailable for use. The cells are assigned a DI based on the vulnerability mapping in proximity to the inundated cell. The DI assignment is similar to the one used in assessing the infrastructure vulnerability due to inundation of critical facilities. However, the road bridges scenario designates a DI as either red/high (1.0) or yellow/low (0.2) for demonstration of the proposed methodology. In both analyses it was assumed that the whole grid cell is equally affected by the flooding, thus damage is assumed to be uniform across the cell area. The population density within a portion of the FSA covered by a grid cell is not known. Therefore a uniform distribution of population is assumed throughout each FSA.
The following procedural steps are followed in GIS for incorporating the information on infrastructure vulnerability due to inundation of critical facilities: 1) the "buildings" layer is imported; 2) in the attribute table the type of building is specified. In the options for the attribute table "select by attribute" is used and then the category (e.g., school/hospital/fire station) is used to select only those buildings which are schools/hospitals/fire stations; 3) these buildings are saved as a separate layer for referencing in the critical facilities analysis of the study. The same procedure is followed for road bridges but the "bridge" layer is imported.
The calculation of the vulnerability indices following the procedures described in this section provides input for mapping each category of vulnerability in GIS. Table  3 shows the values of four components of vulnerability in the Upper Thames River basin. The seventh column of Table 3 indicates the standardized average vulnerability values of four vulnerability components (presented in columns 3-6) for all FSAs. In physical vulnerability, the FSA-N0K in Michell is identified as the most vulnerable due to large wetland areas in the region. The FSAs with "zero" values in the column of physical vulnerability indicate absence of wetlands. The FSA-N4S in Woodstock is the most vulnerable in economic sense due to the presence of large number of older houses in this region. The FSA-N0K in Michell is also identified as the most vulnerable in regards to infrastructure component due to its largest land area, which includes the longest road and railway networks. It is also identified that the FSA-N4Z in Stratford is the least vulnerable due to the absence of railway and minimum length of paved and unpaved roads. The column for social vulnerability shows high values for most of the FSAs within the city of London due to high population in these FSAs. The FSA-N5Y is the most vulnerable in social sense due to high values of indicators such as "differential access to resources", "so-cial status" and "ethnicity".
The present study incorporates a unique consideration of inundation of road bridges and critical facilities in assessing infrastructure vulnerability. Figure 4 displays the difference in infrastructure vulnerability due to inundation of critical facilities and road bridges. In most cases, the standardized values of infrastructure vulnerability of the FSA increase with the addition of impacts due to the inundation of road bridges and critical facilities. The GIS generated map may be produced for each component of vulnerability values as presented in Table 3 for identifying spatial variability of vulnerabilities to flood. More details of the processed numerical data and graphical results of the present vulnerability analysis to flood can be obtained from Peck et al. [63] .
Calculation of the Vulnerability to Flood
Although maps of individual component of vulnerability can be useful, it is easiest to assess vulnerability throughout the watershed if the multidimensional components can be integrated into a single measure [32] . In the present study, the simplest way to combine the four components of vulnerability into a single measure would be to average the values of indices [31, 51] for each component [as given in the seventh column of Table 3 ]. Figure 5 shows the GIS generated map of vulnerability to flood obtained by averaging and standardizing the four components of vulnerability. The darker color indicates larger vulnerability. Map in Figure 5 provides for easy comparison of vulnerability between different FSA regions of six major damage centers, and insight into the spatial variability of vulnerability. It is identified from Table 3 and Figure 5 that FSA-N0K in Michell is the most vulnerable in the basin, as the area under this postal code is much larger than other FSAs and consequently it contains a number of wetlands and more infrastructure. It is found that the vulnerability values for FSAs in London vary between 0 and 0.562. The FSA-N5Z is identified as the most vulnerable, whereas N6M is identified as the least vulnerable within the city of London. The Table 3 and Figure 5 give a general description of region's vulnerability, and can be used for emergency flood management, disaster mitigation activities and planning future disaster protection infrastructure. It should be noted for clarification that, there may be some correlation among vulnerability indicators under different components of vulnerability. In this study the chance of involving correlated indicators is very less, as the indicators are chosen based on a review of existing literature [25] [26] [27] 31, 32, 51] . If the number of indicators is too high Principal Components Analysis (PCA) [32] can be applied to select the set of uncorrelated indicators. The basic aim of a PCA is to reduce a complex set of many correlated variables into a set of fewer, uncorrelated components. 
Exposures of Land Use and Soil Permeability to Flood
The present study utilizes 250-year flood line data for all FSAs and 100-year flood line data for FSAs within the City of London, as obtained from UTRCA, Canada, for considering the values of probability of occurrence in the calculation of flood risk. The impacts of land use and soil type are not considered during generation of the flood lines and probability of occurrences. To incorporate the impact of exposures of land use and soil permeability into the analysis a separate component of the flood risk is considered as expressed in (1), following Kron [50] and Barredo et al. [13] . The indices of vulnerability to flood, as discussed in previous section, have no influence on flood flow and river channel characteristics. The exposures of land use and soil permeability are two physical watershed characteristics which affect the flood flow [64] , and are considered as the important characteristics of flood risk in the Upper Thames River watershed. This study considers the impact of exposures of land use and soil permeability only for those FSAs within the municipality of London as per the availability of data. An exposure value of 1 is assigned to the regions outside of the City of London.
Land Use
The land use map used in the present study is obtained from the UWO Internet Data Library System (IDLS). Their CanMap Route Logistics 2006 dataset contains the Ontario land use GIS layer. This layer is designated as "ONland_use" and is of type "polygon" as mentioned in 
Soil Permeability
Soil permeability refers to the hydrological drainage characteristic of soil to allow water movement through its pores, which is inversely proportional to soil density. The more permeable the soil is, the more water can be transmitted through it. A soil with low permeability, such as clay, doesn't permit much water flow. This could cause "puddling" of water and thus higher accumulation of water on the soil surface. Regions which are composed primarily of these types of soils are prone to a higher flood risk because the water requires a longer time to drain or infiltrate into the ground [54] . Using a GIS dataset known as Surficial Geology of Southern Ontario, it was possible to spatially assess the soil permeability characteristics of the region. The data is available with different designations of permeability: low, medium-low, high or variable. A DI is assigned to each permeability category based on the ability of soil to infiltrate water, facilitate its transmission, and decrease flooding. DI values assigned to each category of soil permeability are as follows: low (0.8), low-medium (0.6), variable (0.5), high (0.3). Area under each permeability category is expressed as a fraction of the FSAs total area. Summation of the fraction of each category multiplied by its DI provides an exposure value representative of soil permeability for an FSA. Therefore, mathematically the exposure of soil permeability to flood for i th FSA is expressed as:
where
E is the exposure of soil permeability to flood, DI P is the DI of permeability category "p". "p" may be low, medium-low, variable and high. Area under each permeability category (p) is expressed as Total area of the i th FSA is denoted as A i . The standardization is being performed following the equation similar to (4) and (6), expressed as:
where E max and E min are the maximum and minimum exposure values pertaining to land use/soil permeability, E i is the value of exposure of land use/soil permeability pertaining to the i th FSA. The following procedural steps are followed in GIS for incorporating the information on exposures of soil permeability and land use to flood: 1) the Ontario Surficial Geology dataset for Zone 17 in Ontario is imported into ArcMap; 2) the layer features are symbolized by categorical attributes; 3) to symbolize each soil type with its own colour, the Layer Properties dialogue box is opened, "Symbology" and "Categories" tabs are selected from the left menu, and "unique values" is highlighted; 4) in the Value Field, "SINGLE_PRI" is selected, which represents the single primary material of the soil composition. A colour scheme is selected and then each soil is represented by its own colour in the ArcMap data viewer; 5) the "Select by Location" tool of GIS is used to isolate those soils which fall within a particular FSA; 6) an area calculation is then performed on these "soils of interest" which provides the area of each soil type and the FSA boundaries that the soil area is within. An additional field is entered into the layers attribute table; the name of the field (column) and its type (floating point, integer etc.) are specified. All values are initialized to 0. The calculator option is then selected to compute the areas of the selected attributes. An advanced Visual Basics Application (VBA) area statement is used to calculate the required areas; 7) the type of each soil can be found in the layers attribute table along with the soils characteristic permeability which varied from "low" to "high"; 8) the results are summarized in a table. A similar procedure is followed for land use, but "category" is symbolized by: Commercial, Government & Institutional, Open area, Parks and Recreational, Residential, Resource and Industrial, and Water body. The impacts of exposures of land use and soil permeability to flood for FSAs of London are tabulated in Table 4 . All Table 4 indicates that the exposure of land use for FSA-N6B, which is located in the central part of London, has maximum impact to flood due to presence of more commercial, residential and industrial areas; whereas the exposure of soil permeability has minimum impact to flood, as N6B has high permeable soil with high drainage capacity. The table also indicates that the exposure of land use for FSA-N6L, which is located in the southern part of London, has minimum impact to flood due to presence of more open and recreational areas; whereas the exposure of soil permeability has more impact to flood, as N6L has low permeable soil with less drainage capacity.
Development of the Information System
Providing a website for people to access flood risk information is an effective way of informing the public about the susceptibility to flooding that they may otherwise not be aware of. The study of Barredo et al. [13] is a contribution to the discussion about the need for communication tools between the natural hazard scientific com-munity and the political & decision making players in this field. The website can serve as an information center and may provide analysis tools for interactive processing of available flood information. It also provides the opportunity to tailor the presentation of the same information to different types of users according to their needs. According to the program evaluation glossary of USEPA [65] , an information system is an organized collection, storage, and presentation system of data and other knowledge for decision making, progress reporting, and for planning and evaluation of programs. It can be either manual or computerized, or a combination of both. The information from the present risk-vulnerability analysis to flood is systematically kept in a computerized information system for more efficient use. The Adobe Dreamweaver Creative Sweet 3 software (http://www.adobe.com/ ap/products/dreamweaver) is used for creating the flood information system. The whole website is based off the Cascading Style Sheets (CSS) template provided in Adobe CS3. The developed information system is easy to navigate. The process starts by providing access to different FSAs of 6 damage centers in the Upper Thames watershed. After selecting the damage center, typing in the first three digits of an FSA will direct the user to information about that FSA. Selected three digits of the FSA activate the search engine that is created using a search engine composer. Information page is available for every FSA region. The information that is displayed for all the users; includes maps, numerical data, and an analysis tool in Microsoft excel spreadsheet format for calculation of flood risk as a function of change in land use. After typing the first three digits of an FSA in an identified cell of the spreadsheet, the user will be directed to the information on flood risk of the FSA, considering the present land use pattern and area under different categories of land use. Area under each land use type can be changed by the user to find out the flood risk under future scenario of land use pattern. It will calculate risk by using (1). The prototype information system created for this riskvulnerability analysis to flood targets 3 different user categories: 1) general public, 2) decision-makers and 3) water management professionals. The general public has access to a simple explanation of flood risk terminology, tables providing values of vulnerability to flood and a description of what they mean, 100-year and 250-year flood lines, as well as a simple analysis tool for flood risk calculation. Decision-makers are provided with a more detailed description of flood risk terminology and the implications of flooding. They have access to the same flood hazard maps as the general public. Decision-makers are provided with a more detailed and flexible analysis tool which allows the user to change the land use and compare the present level of flood risk with the one obtained under changed land use scenario. This may assist in the analyses of different land development initiatives and their consequences on flood risk. Water management professionals are presented with the most detailed descriptions and the most technical flood related information. They are provided a very detailed numerical breakdown of vulnerability and exposures of land use and soil permeability, including a list of all indicators used in the analyses. They also have access to the flood hazard maps similar to those provided to the general public and the decision-makers. The analysis tool available to professionals is the same as one provided to the decision-makers. The professionals are the only user with access to a "raw data" containing all of the numerical data used for the flood risk analyses. Screenshots of the opening page of prototype information system and analysis tool are shown in Figures 6(a) and (b) . The information system is user-friendly and the details can be found in Black et al. [66] .
Conclusions
The present study analyzes flood risk and vulnerability to flood in the Upper Thames River basin, Ontario, Canada. It deals with a large region as a case study with six major damage centers in the watershed for flood risk mapping considering probability of occurrence, four components of vulnerability and exposures of land use and soil permeability to flood. The impact of inundation of critical facilities and road bridges on infrastructure vulnerability is analyzed. New indices are introduced in the infrastructure vulnerability to flood, for example-length of railway, length of road, number of major intersections, number of critical facilities and road bridges. Typically, exposures of land use and soil permeability have been included as a component of risk. The minimum and maximum values of vulnerability are considered in the standardization process instead of using the conventional formula for standardization. A user-friendly information system is designed to systematically represent all flood information. The study provides an "analysis tool" for estimation of flood risk as a consequence of change in land use.
The present study has some limitations and offers some benefits for future development. In the flood information system all the indices of infrastructure vulnerability for critical facilities are not considered due to unavailability of data. For example, emergency shelters, nursing homes, public buildings, police stations, water treatment or sewage processing plants, utilities, railroad stations, airports and government facilities; which are identified critical facilities [27, 62] . The assignment of Degree of Importance (DI) for calculation of impact inundation of important service buildings, emergency service stations and road bridges across the river on infrastructure vulnerability, and in calculation for exposures of land use and soil permeability is dependent on the perspective of decision-makers or floodplain planners, which introduces some uncertainty due to vagueness or imprecision in the model. This uncertainty due to imprecision in the assignment of DI may be addressed in the flood risk calculation. In the present system only two flood lines are available, e.g., 100-and 250-years flood lines, which limit the calculation of flood risk. The impact of critical facilities and road bridges across the river on infrastructure vulnerability is calculated only for the City of London as per the availability of data. The same analysis may be performed for other damage centers in the watershed. In future studies, different shapes and sizes of "vulnerability shapes" with finer grid system and actual population density can be considered for determining the impact of inundation of critical facilities and road bridges. The impact of climate change is not considered in the current version of the system. The hazard maps or the position of flood lines will change if the climate change impacts are taken into consideration [67] . The values of flood risk for different postal codes may be easily updated to include the impact of climate change. No hydrologic calculation is performed in the present study to find out current position of flood lines. A sophisticated hydrologic modeling may be implemented for finding out the current positions of flood lines and result in more accurate calculation of flood risk. The proposed methodologies of flood risk mapping are not limited to the present case study and may be easily applied to other watersheds.
